Background: Adoptive cellular therapy (ACT) with cancer antigen-reactive T cells following lymphodepletive pre-conditioning has emerged as a potentially curative therapy for patients with advanced cancers. However, identification and enrichment of appropriate T cell subsets for cancer eradication remains a major challenge for hematologic cancers.
Background
Multiple myeloma (MM) is an incurable hematologic malignancy characterized by the clonal expansion of malignant plasma cells. Despite aggressive therapy including chemotherapy and hematopoietic stem cell transplantation (HSCT), most patients die from disease relapse. Immunotherapies including adoptive T cell therapy and checkpoint inhibitors have been used to treat a variety of solid and hematologic cancers with remarkable clinical responses in a subset of patients [1] [2] [3] [4] . However, identifying which immunotherapy or combination thereof is effective for rejection of multiple myeloma remains a challenge.
In the past decade, our laboratory has been exploring immunotherapy approaches for the treatment of MM using the MHC class I-expressing murine 5T33 myeloma model. In our initial studies, we showed a unique combination of therapy was able to halt 5T33 disease progression in mice. A combinatorial approach consisting of lethal whole body irradiation (WBI), bone marrow transplantation (BMT) and adoptive T cell transfer, plus treatment with a cancer vaccine and anti-PD-L1, resulted in a 100-day survival rate of 40% for 5T33-bearing mice [5] . This compared to 0% survival of mice treated with vaccine alone, anti-PD-L1 alone, or vaccine and anti-PD-L1 without WBI, BMT and naïve T cell transfer. When anti-PD-L1 therapy was combined with lethal WBI, BMT, and transfer of myeloma antigen-experienced T cells (i.e., from 5T33-bearing donor mice instead of naïve mice), 100% of myeloma-inoculated mice survived to day 100 [6] . Together, these studies highlighted critical components required to induce anticancer immunity against 5T33 myeloma. Activation of myeloma antigen-specific lymphocytes or adoptive transfer of cancer antigen experienced T cells in a lymphopenic setting, followed by checkpoint blockade, appear to be required to activate and maintain 5T33-specific T cells. Notably, in follow-up studies, the immunotherapy platform was simplified to include non-myeloablative WBI (400-500 cGy) followed by anti-PD-L1 therapy. This combination provided protection from myeloma disease progression in 40% of mice over 100 days [6] . Since there was no transfer of T cells, it appeared that radiationresistant, myeloma-specific T cells were activated under the conditions of lymphopenia and immune checkpoint blockade. Anti-PD-L1 therapy without non-myeloablative WBI was ineffective.
These earlier studies provided critical insights into myeloma immunity. The murine 5T33 myeloma expresses PD-L1, and the malignant cells reside in the bone marrow and spleen, with few myeloma cells detectable in the blood or other tissues. T cells expressing PD-1 are not detected in the blood, but are detected in the bone marrow and spleen. As the myeloma burden progresses, percentages of PD-1 + CD4 + and CD8 + T cells correspondingly increase [5] . While it has been known for several years that PD-1 expression is an indicator of T cell dysfunction under conditions of chronic antigen stimulation [7, 8] , more recently it was documented that cancer antigen-reactive T cells in solid tumors express PD-1 [9] . In melanoma tumors, PD-1 was shown to be a marker of functional cancer antigenreactive tumor-infiltrating T lymphocytes (TIL) [10] [11] [12] . Based on these results, we hypothesized that immune therapy for the treatment of myeloma could be further improved by infusion of myeloma antigenspecific PD-1 + T cells in the context of lymphopenia and immune checkpoint blockade. The goal of the current study was to enrich for PD-1 + myeloma antigen-specific T cells and demonstrate their antimyeloma efficacy in vivo. Since cancer antigens for myeloma (as well as many other cancers) are unknown, this polyclonal approach for T cell ACT is desirable. It would target cancer cells with heterogeneous mutational landscapes. Furthermore, regarding clinical translation, this process would avoid the technical challenges required to genetically modify T cells to express specific cancer antigen receptors (eg., chimeric antigen receptors or TCRs).
In this study, we isolated and characterized the 5T33-antigen experienced PD-1 + T cells, and used them as adoptive T cell therapy (ACT) in combination with a PD-L1 blocking antibody in Rag1-deficient mice. Rag1-deficient mice were used as immunotherapy recipients as they provided a 'clean' system to assess the antimyeloma effects provided by adoptively transferred T cells. More specifically, Rag-1 mice are constitutively lymphopenic (i.e., there is no need for WBI), and there are no endogenous T cells that would be impacted by PD-1/PD-L1 blockade. The presence of endogenous T cells would have made it difficult to clearly assess the anti-myeloma effects of the infused T cells. We found that myeloma antigen-experienced PD-1 + T cells can be activated ex vivo to proliferate. They produced IFN-γ, similar to PD-1 − T cells, but had a unique cytokine profile producing both IFN-γ and IL-10. As in the solid cancer melanoma [9, 13, 14] , the 5T33 myeloma-reactive T cells were found to reside in the PD-1 + cell subset. Notably, when PD-1 + T cells were given as ACT in vivo plus PD-L1 blocking antibody, a robust anti-5T33 immune response was induced. Thus, in this hematologic malignancy model, it is clear that PD-1 + T cells can be activated to expanded ex vivo, produce Th1 cytokines, and provide an anti-myeloma effect in vivo. To the best of our knowledge, this is the first study to use PD-1 + T cells in vivo for ACT in hematologic malignancies.
Methods
Mice C57BL/KaLwRij (KaLwRij), (KaLwRij × C57BL/6.SJL)F 1 and Rag-1-deficient C57BL/6 mice were bred and housed in the Medical College of Wisconsin (MCW) Biomedical Resource Center. C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
Myeloma model
The 5T33 murine myeloma cell line was derived from a spontaneous myeloma that arose in a C57BL/KaLwRij mouse. 5T33 cells were engineered to express emerald green fluorescent protein (5T33-GFP), as previously described [6] . CD80 expressing 5T33 (5T33-CD80) were derived by transducing 5T33 cells with a lentiviral expression vector (PLVX-N1; Clontech, Mountain View, CA) encoding the CD80 gene. The 5T33 cell line was transduced with a lentivector to express the ovalbumin (OVA) model antigen MHC class I (SIINFEKL; aa257-264). The vector pLVX-mCherry-N1 (Clontech #632562) was modified by replacing the mCherry gene sequence with a synthetic gene fragment containing OVA peptide sequences (custom gBlock gene fragment from IDT). A 5T33 cell clone stably expressing the OVA peptide was selected by limiting dilution.
Mice were inoculated with 2 × 10 6 5T33, 5T33-GFP, 5T33-GFP-OVA or C1498.SIY cells intravenously (iv). Myeloma-bearing mice were considered moribund when they developed paraparesis or paraplegia and were euthanized. C1498-SIY murine AML cells were kindly provided by Dr. Justin Kline at the University of Chicago.
PD-1 + T cell sorting and ex vivo expansion
Sorting of PD-1 + or PD-1 − T cells from 5T33-myeloma bearing mice was performed using a FACSAria flow cytometric sorter. T cells were activated and expanded in culture with plate-bound anti-CD3 mAb (clone 145-2C11, BD Biosciences; 5 μg/mL) and anti-CD28 mAb (clone 37.51, BD Biosciences; 1 μg/mL) in the presence of IL-2 (20 U/ml), IL-7 (5 ng/ml) and IL-15 (5 ng/ml) for 7 days.
ACT experiments
Rag-1-deficient mice were injected iv with 1 × 10 6 5T33 cells. Five days after myeloma inoculation, the mice received ACT consisting of 3-4 million expanded T cells (1:1, CD8 + :CD4 + ratio) or 2 million expanded CD8 + or CD4 + T cells injected iv. Treatment with anti-PD-L1 (125 μg intraperitoneally) was given on days 5, 8, 12 and 17 or days 7, 10, 14 and 17 after 5T33 inoculation depending on the experiment. Myeloma-bearing mice were considered as moribund and euthanized when they developed hind-leg paralysis due to development of paraspinal masses.
Antibodies and flow cytometry
The following monoclonal anti-mouse antibodies and flow cytometry reagents were obtained from eBioscience (San Diego, CA): anti-CD4 (GK1.5), anti-CD8 (53-6.7), 
Interferon-gamma (IFN-γ) ELISPOT assays
To assess frequencies of myeloma-reactive, IFN-γ-secreting CD8 + or CD4 + T cells, T cells were isolated from spleens and bone marrow by immunomagnetic cell sorting, as previously described [5] . IFN-γ enzyme-linked immunosorbent spot (ELISPOT) assays were done using mouse IFN-γ ELISPOT kits from BD Biosciences, as described earlier [12] . The ELISPOT data was quantified using a Cellular Technology Limited (CTL) ImmunoSpot Analyzer (CTL Analyzers, Cleveland, OH).
Bio-plex cytokine assays
Flow sorted PD-1 + or PD-1 − T cells from 5T33 myeloma-bearing mice were activated with plate-bound anti-CD3 mAb (clone 145-2C11, BD Biosciences; 5 μg/mL). Culture supernatants were harvested after 48 h and stored at −80°C. Thawed supernatants were then analyzed using a murine multiplex cytokine kit (Bio-Rad, Hercules, CA) to detect IL-2, IL-4, IL-5, IL-10, IL-12p70, granulocytemacrophage colony stimulating factor (GM-CSF), tumor necrosis factor-alpha (TNF-α), and IFN-γ. Cytokines were quantified using a Bio-Plex protein 200 array reader, and data was automatically processed and analyzed using BioPlex Manager Software 4.1. Standard curves were generated from recombinant cytokine standards. All samples were assayed in duplicate.
Intracellular cytokine staining
Intracellular cytokine staining was performed after 6 h of restimulation with 1 μg/ml plate bound anti-CD3 (clone 145-2C11, BD Biosciences) and CD28 (clone 37.51, BD Biosciences) in the presence of GolgiPlug (1 μl/ml; BD Biosciences). Surface staining of cells was performed using a modified FACS buffer containing 10 μg/ml brefeldin A (Sigma-Aldrich). Cells were next stained on ice for 20 min with the primary Abs (anti-CD8, anti-CD4 and anti-CD3), and then intracellularly stained with PE-labeled antibody to IFN-γ, fluorescein isothiocyanate-labeled antibody to granzyme B, or Ki67 and APC-labeled TNF-α. Cells were analyzed by flow cytometry to assess intracellular cytokine expression.
Statistics
Survival curves were compared using the log-rank (Mantel Cox) test. Data in other experiments were analyzed using the Student's t test. P values ≤0.05 were considered as significant. Statistical analysis was done using Prism version 5.0a software (GraphPad Software, La Jolla, CA).
Results
Functional myeloma-reactive cells are present in the PD-1
The immunogenic cancer antigens on 5T33 myeloma are unknown. Therefore, to identify T cells with myeloma antigen specificity, we used a 5T33 cell line expressing the model antigen SIINFEKL ovalbumin (OVA) peptide (5T33-GFP-OVA), along with GFP, to facilitate identification of the cells in vivo. To show that PD-1 is up-regulated on myeloma-reactive T cells, KaLwRij mice were inoculated with 2 × 10 6 5T33-GFP-OVA cells iv. Mice were euthanized, and spleens and bone marrow harvested 30-35 days after inoculation. CD8 + T cells that recognize SIINFEKL were detected by flow cytometry using fluorescently labeled H2K b /SIINFEKL pentamers. Our results show that greater percentages and absolute numbers of both spleen and bone marrow PD-1 + CD8
+ T cells were SIINFEKL pentamer-positive as compared to PD-1 − CD8 + cells (Fig. 1a) . These data directly show that myeloma-specific CD8 + T cells are enriched in the PD-1 + population. To examine whether PD-1 + CD8 + T cells secrete cytokine in response to cancer antigen stimulation, IFN-γ ELISPOT assays were performed. For these assays, PD-1 + CD8
+ and PD-1 − CD8 + T cells were sorted by flow cytometry and stimulated with 5T33 myeloma cells. While some PD-1
+ T cells secreted IFN-γ in response to myeloma antigens (Fig. 1b) , this number was significantly enhanced either by inclusion of anti-PD-L1 blocking antibody during the assay cell co-culture, or by antigen stimulation with 5T33 myeloma modified to express the co-stimulatory molecule CD80. These data clearly show that the PD-1 + CD8 + T cell subset is enriched in myeloma-reactive T cells, but that many of the cells are relatively inactive in the absence of PD-1 blockade or additional co-stimulation.
To show that PD-1 expression identifies cancer antigen-reactivity in another hematologic malignancy model (C1498 acute myeloid leukemia), the percentages and absolute numbers of cancer-reactive cells were determined, and IFN-γ ELISPOT assays performed on T cells harvested from mice bearing C1498. PD-1 + CD8
+ and PD-1 − CD8 + T cells were sorted from the spleens of mice that had been inoculated iv with C1498 cells engineered to express the model peptide antigen peptide SIY (SIYRYYGL; C1498-SIY). As with the 5T33 model, our results show that PD-1 + CD8 + T cells are highly enriched in cancer antigen reactivity ( myeloma model, addition of anti-PD-L1 to the ELISPOT assays resulted in a significant increase in numbers of PD-1 + CD8 + T cells secreting IFN-γ (Fig. 1d) .
PD-1 + T cells from myeloma-bearing mice are phenotypically heterogeneous and secrete effector cytokines
In moribund myeloma-bearing (MB) mice, we previously showed that splenic PD-1 + T cells stimulated with anti-CD3 exhibit an altered cytokine profile (i.e., secreted less IL-2, IFN-γ and TNF-α) as compared to PD-1 − T cells or T cells from non-MB mice [5] . This prompted us to determine if PD-1 + T cells co-express markers of T cell dysfunction or activation, or retain the ability to produce effector cytokines when analyzed prior to generation of advanced disease. The phenotype and function of PD-1 + T cells was determined 28 days after 5T33 inoculation. This time point is before mice become moribund, which is typically 35-45 days following 5T33 inoculation. At 28 days, myeloma comprises 1-4% of total spleen cells, unlike moribund mice, where approximately 5-20% of the spleen consists of myeloma (data not shown).
The percentage of spleen PD-1 + CD4 + and CD8 + T cells in naïve non-myeloma bearing mice is relatively low (~4-7%), as compared to moribund 5T33 bearing mice where 20-60% are PD-1 + . In naïve mice, only about 1% of PD-1 +
CD8
+ spleen T cells co-express the checkpoint receptor TIM-3, whereas in moribund 5T33 mice approximately 10% of PD-1 + CD8 + spleen T cells express TIM-3 [5] . For this study, we compared the phenotype of PD-1 + and PD-1 − T cells from 5T33 bearing mice prior to advanced disease. To characterize PD-1 + T cells, spleens were harvested on day 28 and coexpression of PD-1 with various inhibitory and activation molecules was determined by flow cytometry. + T cells co-expressed the checkpoint receptors TIM-3 and LAG-3, respectively. However, 81% and 70% of PD-1 + CD8 + T cells also coexpressed activation markers OX40 and CD103, respectively (Fig. 2a, top panel) . 34% of CD8 + PD-1 + T cells co-expressed CD137. For PD-1 + CD4 + T cells, 51% and 79% expressed TIM-3 or LAG-3 checkpoint receptors, respectively (Fig. 2a, bottom panel) . Of the PD-1 + CD4 + T cells, 52% expressed Foxp3 as compared to approximately 12% of PD-1 − CD4 − T cells (Fig. 2b ). These data show there are multiple subsets of PD-1 + CD8
+ and CD4 + T cells expressing both checkpoint receptors and activation markers. T cells that co-express multiple inhibitory receptors have been reported to be dysfunctional relative to cells that express PD-1 alone or no inhibitory receptors [11] .
To compare how PD-1 + and PD-1 − T cells respond functionally to activation signals, cells were sorted into PD-1 + and PD-1 − T cell subsets and activated with platebound anti-CD3 and anti-CD28 for 6 h. This strong activation was used to optimize detection of cytokines produced by the cells. Functional status was assessed by examining presence of IFN-γ, TNF-α, granzyme B and Ki67 by intracellular flow cytometry. For CD8 T cells, there were no statistical differences in percentages of PD-1 + T cells expressing intracellular IFN-γ, TNF-α, granzyme B or Ki67 as compared to PD-1 − T cells (Fig. 2c, top panel) 
CD4
+ T cells. Overall, these data suggest that in response to strong activation signals, PD-1 + T cells may be proliferative and they produce similar IFN-γ but less TNF-α as compared to PD-1 − T cells. To further evaluate the ability of PD-1 + T cells to produce and secrete effector cytokines, PD-1 + and PD-1 − T cells were stimulated with plate bound anti-CD3 for 48 h and culture supernatants collected. Supernatants were then analyzed for cytokine content using a multiplex platform. PD-1 − CD8 + and CD4 + T cells produced significantly more IL-2 and GM-CSF than PD-1 + T cells (Fig. 2d) . PD-1 − CD4 + T cells produced significantly more TNF-α than PD-1 + CD4 + T cells. However, the amount of IFN-γ in the PD-1 + CD8 + T cell supernatant was not quantitatively different than that in the supernatant collected from PD-1 − CD8 + T cells. In fact, there was significantly more IFN-γ in the supernatant of PD-1 + CD4 + T cells as compared to PD-1 − CD4 + T cells. Of particular note, both PD-1 + CD4 + and CD8 + T cells produced increased amounts of IL-10 as compared to PD-1 − T cells. Up-regulation of IL-10 production in IFN-γ-producing PD-1 + effector T cells may be a consequence of chronic antigen activation. Co-production of IFN-γ and IL-10 has been reported in Th1 T cells during chronic mouse infections [15, 16] .
In summary, prior to advanced 5T33 myeloma burden, there are splenic PD-1 + T cells that appeared to be chronically activated, as demonstrated by expression of activation markers CD69, OX-40 and CD103, and inhibitory receptors LAG-3 and TIM-3. When activated, PD-1 + T cells expressed the Ki67 proliferation marker, and produced significantly less IL-2, similar or more IFN-γ and more IL-10 than PD-1 − T cells.
PD-1 + T cells from myeloma-bearing mice expand in culture and maintain their reactivity
During chronic viral infection and cancer, up-regulation of PD-1 has been shown to be a marker of T cells with reduced ability to proliferate and secrete effector cytokines [17, 18] . In the 5T33 myeloma model we have shown that PD-1 + T cells harvested from non-moribund MB bearing mice can be activated to secrete cytokines. However, to use PD-1 + T cells for ACT, they must be able to undergo expansion ex vivo and retain effector function. To determine if these qualities persisted in T cells isolated from 5T33-bearing mice, flow cytometric sorted PD-1 + and PD-1 − CD8 T cells were activated with anti-CD3 and anti-CD28 antibodies and expanded in culture for 7 days with 20 U/ml IL-2, 5 ng/ml IL-7 and 5 ng/ml IL-15. PD-1 + CD8 + T cells expanded in vitro approximately 12-fold after 7 days in culture (Fig. 3a) . Almost all expanded cells expressed the CD44 activation marker, and around 50% had a CD44 + CD62L − effector phenotype (Fig. 3b) . Interestingly, PD-1 + CD4 + T cells lost expression of Foxp3 during the expansion (Fig. 3c  versus Fig. 2b) . To show that expanded T cells maintained effector function, IFN-γ ELISPOT assays were performed. Figure 3d shows To examine whether PD-1 + T cells could provide antimyeloma immunity in vivo, cultured/expanded cells were infused into MB C57BL/6-Rag-1-deficient mice as ACT. Rag-1-deficient mice were chosen for these experiments to avoid the need for preconditioning (i.e., WBI), and to permit analysis of individual T cell subsets that were infused as ACT. Rag-1-deficient mice were inoculated with 10 6 5T33-GFP myeloma cells iv. intraperitoneally on days 7, 10, 14 and 17 (Fig. 4a ). Mice were then followed for survival and euthanized when moribund. Mice given no treatment died within 40 days after 5T33 inoculation (Fig. 4b) . There was a significant delay in cancer progression in mice that received ACT of expanded PD-1 + T cells, and about 30% of these mice survived beyond 100 days. Co-administration of expanded PD-1 + T cells and anti-PD-L1 further improved survival and eliminated myeloma in 100% of mice (Fig. 4b) , demonstrating that ongoing PD-L1 blockade was needed to achieve optimal efficacy.
Next, we compared the anti-myeloma efficacy of different cultured/expanded T cell subsets given as ACT. Since PD-L1 blockade synergized with ACT to produce more effective cancer regression in Fig. 4b , all mice given ACT were treated with anti-PD-L1 for this study. Rag-deficient mice were treated as in Fig. 5a . Mice received the following T cell subsets: (1) + T cells alone), we were able to calculate from the ELISPOT data in Fig. 3d that there were approximately 20,000 functional myeloma-specific PD-1 + CD8 + T cells infused. As observed in the previous experiment, mice that did not receive ACT died within 50 days after myeloma inoculation. Ninety percent of mice given the combination of PD-1 + CD4
+ and CD8 + T cells survived for 100 days (Fig.  4c) . In contrast, none of the mice treated with PD-1 − CD4 + and CD8 + T cells survived past day 50 after myeloma inoculation (Fig. 4c) . These data provide compelling evidence that PD-1 + T cells provide anti-myeloma reactivity in vivo. Furthermore, while the PD-1 + CD4
+ and CD8 + T cell subsets each contained anti-myeloma reactivity, the combination of The in vivo anti-myeloma immunity provided by the adoptively transferred PD-1 + T cells prompted us to test whether the cells persisted and were capable of providing memory. To test this, mice given PD-1 + T cells as ACT that had eliminated established 5T33 myeloma were rechallenged with 2 × 10 6 5T33 myeloma cells 120 days after the initial inoculation. Five days after myeloma rechallenge, spleens and bone marrow were harvested to analyze persisting T cells. Figure 5a shows the percentages of CD8 + (4.7%) and CD4 + (3.6%) T cells detected in the spleens by flow cytometry. Phenotypic analysis of surviving CD8 + T cells harvested from both the spleen and bone marrow is shown in Fig. 5b . Most of the transferred cells remained activated as indicated by CD44 expression (Fig.  5b) . Importantly, both CD4 + and CD8 + T cells with a memory phenotype (CD44 + CD62L + ) were present in both the spleen and bone marrow. PD-1 was expressed on greater than 50% of splenic and 75% of bone marrow CD8 + T cells. The memory marker CD127 (IL-7Rα) was assessed on one cohort of pooled mice. Figure 5c shows expression of CD127 on CD8 + T cells harvested from both the spleen and bone marrow. IFN-γ ELISPOT assays were also performed on both spleen and bone marrow-derived T cells to assess anti-myeloma function. CD8 + T cells were isolated by immunomagnetic cell sorting and stimulated with wild-type 5T33 myeloma (5T33-WT) or 5T33-WT plus 10 μg/ml anti-PD-L1 in the assay wells (5T33-WT + anti-PD-L1). T cells from spleen and bone marrow produced IFN-γ in response to myeloma (Fig. 5d) . As shown previously, IFN-γ production was increased when anti-PD-L1 was added to the assay wells. These data show that when PD-1 + CD4 + and CD8 + T cells are adoptively transferred into Rag1-deficient mice, they remain activated long term with some cells expressing memory markers. landscapes, but it must be optimized to induce more effective anti-cancer responses. The potency of ACT is dependent on the infusion of T cells with cancer antigen specificity as well as the ability to reverse functional impairment (i.e., exhaustion) acquired by chronically activated T cells [19] . In this study, we confirmed that cancer antigen-specific CD8 + T cells are enriched in the PD-1 + subset in the setting of murine hematologic malignancies (Fig. 1 ). When activated with polyclonal stimulation, PD-1 + T cells produced IFN-γ similar to PD-1 − T cells, however the PD-1 + T cells had a unique cytokine profile secreting both IFN-γ and IL-10. In vivo, anti-myeloma immunity was conferred by ACT with PD-1 + T cells, but only when combined with PD-1 checkpoint blockade (Figs. 4 and 5) . Together, these data show that PD-1 + T cells are cancer-reactive, can be expanded ex vivo, secrete Th1 cytokines, and are functional in vivo. The unique cytokine profile, the in vitro increase in IFN-γ production in the presence of checkpoint blockade, as well as the requirement of checkpoint blockade for in vivo anti-myeloma immunity, suggest that PD-1 + T cells are functionally impaired, but the dysfunctional state can be reversed to provide antimyeloma immunity [20] .
Certain markers have been associated with dysfunctional or exhausted T cells (T ex present in spleen (Fig. 2a) 
CD8
+ T cells ( Fig. 2b and c) . These data contradict previous data shown by Hallett 
+ T cells harvested from 5T33 'moribund' mice [5] . These data suggest that as myeloma burden progresses to a moribund state, the ability of PD-1 +
+ T cells to secrete IFN-γ decreases even in the presence of strong T cell receptor activation. Despite the production of Th1 cytokines when exposed to strong activating signals (i.e., anti-CD3 or anti-CD3 plus anti-CD28), the cytokine profile of PD-1 + T cells differed from their PD-1 − counterparts ( Fig. 2c and d) . Most notable, both CD4 + and CD8 + PD-1 + T cells secreted IL-10 in addition to IFN-γ. CD4 + T cells that secrete both IFN-γ and IL-10 have been previously described. In a mouse model of systemic T. gondii infection, IL-10-producing CD4 + T cells were characterized as effector cells that simultaneously produced IFN-γ [16] . These cells displayed potent effector function against T. gondii, but also suppressed production of IL-12 by antigen-presenting cells. Interestingly, IL-10 expression was induced in Th1 CD4 + T cells after recent antigen exposure. The observation that myelomareactive PD-1 + CD4 + and CD8 + T cells secrete both IFN-γ and IL-10 suggests these cells may be at the crossroads of an immune switch from effector to tolerogenic [24] . The regulation and role of IL-10 produced from myeloma-reactive PD-1 + T cells is entirely unknown. Unraveling the mechanistic impact of IL-10 production in myeloma-reactive or cancer-reactive effector T cells has major relevance for optimizing immunotherapy.
For in vivo studies, we used Rag1-deficient mice as recipients of PD-1 + T cell adoptive therapy to assess anti-myeloma efficacy. This model system was ideal as it provided a lymphopenic setting without confounding effects from endogenous T cells. We have previously shown lymphopenia is a requirement for the activation of myeloma-specific T cells or effective ACT with myeloma antigen-experienced T cells [5, 6] . There are multiple mechanisms by which endogenous T cells could interfere with the anti-myeloma effect provided by PD-1 + T cells. These include consumption or production of cytokines, activation into effectors, and the presence of T regulatory cells. Following ACT, adoptively transferred PD-1 + T cells persisted in vivo over 100 days (Fig. 5) . Transferred cells remained activated and functional with small percentages of CD44 + CD62L + putative memory cells present.
Conclusions
In summary, we show that PD-1 + T cells harvested from MB mice contain the vast majority of cancer antigenreactive T cells. Furthermore, these cells can be ex vivo expanded to serve as functional effector cells when given as ACT in the context of lymphopenia and checkpoint blockade. These observations advance the field in two ways. First, this data provides evidence that PD-1 can be used serve as a marker for both cancer antigen reactive CD8 and CD4 T cells in hematologic malignancies. Second, these results clearly show that PD-1 + cancer antigen-reactive T cells can be used for effective ACT in vivo, but that continuous blockade of the PD-1 pathway is necessary for optimal efficacy. 
